PHYSICAL REVIEW B 71, 144414(2005

Honeycombs of triangles and magnetic frustration in SL,0O, (L=Gd, Dy, Ho, Er, Tm, and Yb)
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The crystal structures, magnetic order, and susceptibility have been investigated for magnetically frustrated
SrDy,0,, SrtHO,0,, SrTELO,, SITmO,, and SrYBO,. Powder neutron-diffraction structural refinements reveal
columns ofLOg octahedra that run along one crystallographic direction, with Sr-O polyhedra in the interstices.
The lanthanide sublattice displays multiple triangular interconnections: one-dimensional strings form the back-
bones of four types of chains of lanthanide triangles sharing edges arranged in a honeycomb pattern. This
crystal structure produces strong geometric frustration for the magnetic system that is evidenced in both
magnetic susceptibility and neutron-scattering data at low temperatures. The susceptibility measurements for
the series, including SrG@, for which data are also reported, lack the sharp features characteristic of
three-dimensional long-range magnetic ordering. Metamagnetic behavior is observed in the magnetization vs
applied field data at 1.8 K for the caseslof Dy, Er, and Ho. Magnetic neutron-scattering studies for the Dy
and Er materials show only very broad magnetic scattering at low temperatures, while the Ho system exhibits
long-range two-dimensional order. Any magnetic scattering in the Tm and Yb compounds, if present, was too
weak to be detected in these measurements.
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I. INTRODUCTION II. EXPERIMENT

Long-range magnetic ordering of strongly interacting Two-gram samples of the Gd, Dy, Ho, Er, Tm, and Yb
spins at low temperatures can be frustrated by triangular geqmalogs of 9r,0, were prepared from high-purity starting
metric arrangements in a crystal lattice. Geometrical frustramaterials of SICQ Gd,03, Dy,0s, Er,0s, Ho,05, Tm,0s,
tion in magnetic materials is an active area of experimentahnd Yh,0,. Stoichiometric mixtures of the powders were
and theoretical experimental research. A large number of difmixed in an agate mortar and heated in air in dense, high-
ferent ground states have been discovered, including glasyrity Al,O, crucibles. The samples were heated at 1500 °C
states in the limit of low disorder, a “spin ice” state that for a total of 48 h with several intermediate grindings.
mimics the |0W—temperature behavior of frozen Water, and The Crysta' structures of B£O4 were determined at am-

numerous spin-liquid-like statés This field has largely pient temperature by powder neutron diffraction, at the NIST
been driven by the discovery of interesting materials in

which frustration plays an important role. Geometrically
simple, triangle-based lattices such as khgoméand pyro- : : : : : : |
chlore lattices have been actively studied, but more comple SrYb,0, at 295 K
lattices, such as thekgoméstaircase®”’ are now beginning 5
to be explored to test how variations in geometry influence < o ¢ ]
the frustration. Here we report the crystal structures and be
sic magnetic characterization of a different lattice geometry
for frustrated magnetic materials, in materials of formula
SiL,0,4 for L=Gd, Dy, Ho, Er, Tm, and Yb. The magnetic g
lanthanide sublattice in these materials consists completel§ .|
of triangles—chains of edge-shared lanthanide triangles in
honeycomblike arrangement. LSO, compounds with this

structure type have been previously repofted,and the [ . ',_ ‘ sbviorario , " 7
structures have previously been determined by x-ray diffrac

',[Ion for the_cases dt:,Y,’.Yb’ and Tb%2_14S.I’ELhO4 has had 2ol.o 4o|Ao eol.o 80?0 1o|o.o 12Io.o 14|o.o 1510.0
its magnetic susceptibility reported previously, andEu,

Gd, and Y(Ref. 15 have been characterized spectroscopi-
cally. Here we show that these materials display the signa- FIG. 1. Neutron powder-diffraction pattern of Sry®, at am-
tures of geometrically frustrated magnetic systems botlbient temperature. Upper curve: data and fit, short vertical lines,

through magnetic susceptibility and neutron-scattering meaealculated peak positions. Lower curve: difference between ob-
surements. served and calculated pattern.
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TABLE I. Structural parameters for 550, (L=Dy, Ho, Er, Tm, and Yb at room temperature. Space
group: Pnam All atoms are in site d (x,y,1/4).

(L=) Dy Ho Er Tm Yb
a(A) 10.08844) 10.06743) 10.04514) 10.004@4) 9.99212)
b (A) 11.94275) 11.91044) 11.86765) 11.81635) 11.77363)
cA) 3.42891) 3.40871) 3.38991) 3.37691) 3.357688)
V (A3) 413.124) 408.724) 404.115) 399.195) 395.0G3)
Sr X 0.75155) 0.752%2) 0.75393) 0.75373) 0.75282)
y 0.64875) 0.64982) 0.65053) 0.650a2) 0.65032)
B (A?) 0.799) 0.905) 0.725) 0.7405) 0.81(3)
R(1) X 0.42423) 0.42332) 0.42283) 0.422a3) 0.42172)
y 0.111@2) 0.11042) 0.110G2) 0.10942) 0.109G1)
B (A? 0.526) 0.51(3) 0.744) 0.635) 0.592)
R(2) X 0.42083) 0.42212) 0.42313) 0.42473) 0.42531)
y 0.61222) 0.61262) 0.612@2) 0.61232) 0.61231)
B (A? 0.44(6) 0.423) 0.694) 0.595) 0.592)
o(1) X 0.210%7) 0.21183) 0.21073) 0.21033) 0.21023)
y 0.17666) 0.175%3) 0.17423) 0.17283) 0.17162)
B (A? 0.801) 0.945) 0.676) 0.676) 0.654)
02 X 0.12636) 0.12543) 0.12473) 0.12433) 0.12342)
y 0.48226) 0.481G3) 0.48023) 0.480a3) 0.48022)
B (A? 0.70110) 0.845) 0.826) 0.796) 0.91(5)
o) X 0.51357) 0.51423) 0.51484) 0.51623) 0.51763)
y 0.78436) 0.784@2) 0.783713) 0.78412) 0.78392)
B (A? 0.9010) 0.895) 0.896) 0.80(6) 0.824)
0O(4) X 0.426@8) 0.42543) 0.42384) 0.42523) 0.42473)
y 0.42324) 0.42232) 0.42232) 0.423@2) 0.42392)
B (A? 0.70(10) 0.825) 0.526) 0.666) 0.794)
Ry(%) 4.17 3.42 3.84 3.78 3.44
Rup(%) 5.07 4.22 4.82 4.70 4.20
X2 0.79 0.90 0.81 0.83 0.92

TABLE II. Selected bond distancéd) in Si_,0, (L=Dy, Ho, Er, Tm, and Ybat room temperature.

(L=) Dy Ho Er Tm Yb
Sr-0(1) X2 2.7288) 2.7133) 2.7074) 2.7144) 2.7113)
Sr-Q(2) X2 2.6217) 2.6162) 2.6013) 2.5883) 2.591(3)
Sr-Q(3) 2.8969) 2.8834) 2.8754) 2.8564) 2.8283)
Sr-03) 2.7619) 2.7504) 2.7355) 2.7384) 2.7574)
Sr-04) X2 2.6248) 2.6173) 2.6094) 2.6083) 2.5943)
R(1)-O(1) 2.2948) 2.2664) 2.2644) 2.2464) 2.2383)
R(1)-0(2) X2 2.3596) 2.35(03) 2.34Q3) 2.3243) 2.3062)
R(1)-0(2) 2.3227) 2.3084) 2.2944) 2.2834) 2.2723)
R(1)-0(3) X2 2.2145) 2.2102) 2.2033) 2.1952) 2.1862)
R(2)-0O(1) X2 2.2995) 2.2992) 2.2863) 2.2773) 2.2672)
R(2)-0(3) 2.2577) 2.2424) 2.2374) 2.2274) 2.2213)
R(2)-O(4) 2.2586) 2.2673) 2.2514) 2.23713) 2.2182)
R(2)-0(4) X2 2.3466) 2.3313) 2.3243) 2.2983) 2.2912)
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FIG. 3. (Color online The geometries of theOg octahedra in

FIG. 2. (Color onling (a) The crystal structure of SrR®,
shown as an arrangementlddg octahedra and isolated Sr atoms in
channels, viewed down the crystallograpbiaxis. (b) The arrange- :
ment ofLOg octahedra perpendicular tsshowing both the double- the double-row columns, fd@) L(1), and(b) L(2). The lanthanide-

row columns of octahedra, and the manner in which those CO|umn%xry?a?r:j:Irskt?:?rf:?essir((;)szﬁ;vvr\]njoa:sﬂ:zrczﬁ 0; t%?:%lr_c(lgssgiwneisas
share corner oxygens with each other. 9 ger lig » OXyg

small black circles.

Center for Neutron Research, on the high-resolution powde? field of 7 T. Magnetic neutron scattering was performed
neutron diffractometer, with monochromatic neutrons ofWith neutrons of wavelength 2.47 A on the BT-7 triple-axis
wavelength 1.5402 A produced by a @1 monochro- spec_:trometer at _the NIST anter for Neutron Research, em-
mator. Data were collected at ambient temperature betwed?0Ying & pyrolytic graphite filter and analyzer.

3° and 168° diffraction angles with a step size of 0.05°.

Collimators with horizontal divergences of 15’, 20’, and 7’ of

arc were employed before and after the monochromator, and ll. CRYSTAL STRUCTURES
after the sample, respectively. Structure refinement by the
Rietveld method was carried out with the prograsas® A representative neutron-diffraction pattern is shown in

The neutron-scattering amplitudes employed in the refineFig. 1 for SrYBO,. The initial structural model was taken
ment were as specified in the program. Statistical uncertairfrom the structure of Sr¥0,.*? The fit to the structural
ties quoted in all the neutron results represent one standardodel is excellent. Our results for Sr¥®, are in agreement
deviation. with those from x-ray analysis. All parameters in the fits
Magnetic susceptibilities were measured on powdeffor all lanthanides were well behaved, and the refined struc-
samples between 2 and 300 K in a Quantum Design MPM$ural parameters for all lanthanides studied are presented in
magnetometer. The applied field was 50 Oe. Field-dependefiiable I. Selected metal-oxygen bond distances are presented
magnetization measurements were carried out at 1.8 K up to Table II.
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FIG. 6. The temperature dependence of the inverse magnetic
susceptibility for SrGgO, between 320 and 2 K. Data taken on
cooling in an applied field of 500 Oe. Inset: detail of the inverse

susceptibility in the low-temperature region.
FIG. 4. Detailed view of the magnetic atom sublattice in the

“honeycomb” direction in SrDy0O,, showing the four lanthanide

chains r_unning perpen_dicular to the honeycomb net. Lines connegfiaw along the crystallographic axis. TheLOg octahedra
near neighbor lanthanidess(1) shown as dark circles,(2) shown 5.0 shown in a polyhedral representation. The nonmagnetic
as lighter circles. Sr atoms fill columnar cavities in the network of edge and
. . . corner shared.Og octahedra. The honeycomb arrangement
Interpretation of the magnetic properties of these materipf the lanthanides is outlined by bold lines. Double rows of

als requires the consideration of several different aspects @cdge—shared_oe octahedra form the walls of the honey-
the magnetic atom sublattice within the overall structure. The. ompb in infinite columns running perpendicular to td

full crystal structure for SrDyO, is shown in Fig. 2a), in a

plane, and are shown in Fig(l8. Each double-row column
contains only one of the two crystallographically indepen-
CH 1 CH4 CH2 CH 3 dentL atoms. These columns share corner oxygens with each
other. The views presented in FiggaRand Zb) emphasize

the structural analogy of 550, to CaFg0,.%’

The details of the.-O coordination and the geometrical
relationship among lanthanides in the chains are shown in
Figs. 3a) and 3b), using data for the specific case of
SrDy,O,. The L-O coordination polyhedra in all cases are
slightly irregular; both in their bond angles and bond dis-
tancegsee Table ). TheL-O distances within the octahedra

25} PSS

-;- Srby,0, AAAA
£ 20} H =50 Ce 22 -
() o
~ AA

15} s -

a S
6 2 25 T
g 10 87 20] M 1

AN
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| 0 F N i N M N
FIG. 5. Side view of the lanthanide chains, running parallel to = "9 50 100 150 200 250 300 350

the crystallographic axis. L(1) shown as dark circles,(2) shown Temperature [ K]

as lighter circles. Lines connect lanthanide near neighbors. Interlan-

thanide distances are shown for the case of Dy. The primary chains, FIG. 7. The temperature dependence of the inverse magnetic
CH1 and CH2, have shortérL separations, and the secondary, or susceptibility for SrDyO, between 320 and 2 K. Data taken on
connecting chains, CH3 and CH4, have longer distances. The cooling in an applied field of 50 Oe. Inset: detail of the inverse
shorterL-L distances along the spines of the chains are also seensusceptibility in the low-temperature region.
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FIG. 8. The temperature dependence of the inverse magnetic FIG- 10. The temperature dependence of the inverse magnetic
susceptibility for SrHgO, between 320 and 2 K. Data taken on susceptibility for SrTrpO, between 320 and 2 K. Data taken on

cooling in an applied field of 50 Oe. Inset: detail of the inversec00ling in an applied field of 50 Oe. Inset: detail of the inverse
susceptibility in the low-temperature region. susceptibility in the low-temperature region.

are of particular interest, because, for example, Dy is knowr-L distances. For SrDQ,, the triangles in these chains
to display Ising spin character when in a strong axial crystaPhow 3.43-AL-L distances along the spines of the chains
field, as is found in the pyrochlore structure ty§dn the  (the crystallographic axis) and 3.51 A(cham D or 3.56 A
present case, there are differences in Dy-O bond lengths é¢hain 2 between the lanthanides in parallel spines. The
up to 0.15 A for Dy1, and up to 0.09 A for Dy2. Although somewhat _shorter distance along the spines of the chal_ns
substantially smaller than the differences in the pyrochloregn@y result in some degree of one-dimensional character in
(which are about 0.3 A these may nonetheless be sufficientth® magnetic interactions, and chains 1 and 2 have approxi-
to result in Ising-like behavior. _mately equn(alent geometries. TheL d|stance_s across the
For lanthanides in insulating materials, direct exchange idntérconnecting chains, 3 and 4, are considerably longer
the dominant mechanism for magnetic coupling. Thereford@bout 0.4 A than those in the primary chains, because they
the arrangement of the lanthanides is the relevant part of thderive from the corner sharing rather than the edge sharing of
structure to consider when interpreting magnetic propertied-Os 0ctahedrg3.90 A (chain 3 and 4.04 A(Cha_'” 4, re-
The arrangement of the lanthanides for thé,8, com-  SPectively, for SrDyO,]. Therefore the magnetic coupling
pounds is shown in Figs. 4 and 5. Nearest neighbdr ~ @Cross these. mterconn_ectlng chains wlll be weaker than that
distances are shown as connecting lines. The lanthanide afthin the primary chains. The coupling across these inter-
rangement is seen to consist entirely of edge-shared isoscel@@nnecting chains is also expected to be frustrated, however,
triangles, forming chains running parallel to the crystallo-due to the triangular motif.
graphicc axis. The chains, designated as chains 1-4, connect
to each other in a honeycomb pattern in the perpendicular
plane.(The separations presented in Fig. 5 are for Sy

as an examplg.Chains 1 and 2 are within the double-row g agnetic susceptibilities for powder samples of the
columns of edge-sharddOg octahedra, and have the closer Si_,0, compounds are presented in Figs. 6-11. For all but

IV. MAGNETIC PROPERTIES

35 L LJ L) L} T L)
i o] S175p N
.;. 30 SrEr,0, e € 150l Srvb,0, AAAAA
£ 25} H =50 Oe L8 - o H =100 Oe NG
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Temperature [ K]

Temperature [ K ]

FIG. 9. The temperature dependence of the inverse magnetic FIG. 11. The temperature dependence of the inverse magnetic
susceptibility for SrEfO, between 320 and 2 K. Data taken on susceptibility for SrYbO, between 320 and 2 K. Data taken on
cooling in an applied field of 50 Oe. Inset: detail of the inversecooling in an applied field of 100 Oe. Inset: detail of the inverse
susceptibility in the low-temperature region.

susceptibility in the low-temperature region.
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TABLE lll. Magnetic parameters for 8,0, obtained from fits — 24 et
to the magnetic susceptibilities between 150 and 3§{Q8<points), 5 San204 ZFCT=18K
or, in the case of Gd, between 100 and 3003 pointg. Values o 20 4
presented are effective momefg) in bohr magnetongug), ex- 4 Ho
pected momentpe,,) from Ref. 19, Curie Weiss thetes,), and ~ 16 .
goodness of fitR?). Numbers in parentheses represent one standard :,f’ -
deviation. — 1.2 1

~
2 S o8 1
Compound p (ug) Pexp Ow R =
X
SrG4,0, 8.022) 79  —9.06)  0.99998 - 04f, '
SrDy,0, 10.351) 106  —-2295 1.0 S %
SrHo,0, 10.501) 104  -16.95  0.99994 % 0 . 4 5
SrERO, 9.1763) 95 —13.52)  0.99999 Applied Field [ T ]
SITMO, 7.51) 3 —33.46) 0.99999 FIG. 13. The derivativesiM/dH of the magnetization data in
SrYb,0, 4.3486) 4.5 —99.47) 0.99997 Fig. 12, as a function of applied field.

than upward in the inverse chi plots, indicating the presence

the Yb analog, the magnetic susceptibilities follow Curie : : 1
of residual paramagnetic behavi8£!For the Gd case, there

Weiss behavior from approximately 50 to 300 K. In the Yb = ==~ M , . . ;
case, substantial curvature sets in by 150 K. The parametel$ Ittle indication of curvature in the inverse chi pi@ig. €)
of the fits for the Curie-Weiss regions are presented in Tabl&! high temperatures. The susceptibility shows weak signs of

IIl. The effective moments are consistent with those expected" ari)prfpa:ching magnetic transition bel?w 2hK.
for the lanthanides. In all casey, is negative, ranging from 1 € field-dependent magnetizations for the 8, mate-

a minimum of—13 K for L=Er. to a maximum of-99 K for  Nals up to fields of 7 T at 1.8 K are shown in Fig. 12. For the
L=Yb. ’ cases of Gd, Tm, and Yb, broadly curving behavior is seen in

The insets to Figs. 6-11 show the low-temperature Sust_he whole field range, with some tendency toward saturation,

ceptibilities in detail. None of the samples show the shargn©ugh not clearly so. The derivatives of the magnetizations
features associated with long-range three-dimensional made" these materials, shown in Fig. 13, shaM/dH at allH

netic ordering despite the fact that the data reach temper&® P€ only weakly monotonically changing. Therefore very
tures well belows,,. Such suppression is typical of geometri- little f_erromagnetlc charac?ter is present in whatever form of
cally frustrated magnets, and is consistent with the triangleordering has taken place in these materials by 1.8 K. For the
based geometry of these Compounds_ The Er, Yb, Tm, an€ases of Ho, Dy, and Er, on the other hand, the magnetization
Ho variants show the onset of upward curvature in the inds Iarger at hlgh applled fields and shows clear indications of
verse susceptibility plots at low temperatures, at approxif€aching saturation. The saturated moments are, however,
mately 2, 3, 2, and 4 K, respectively. The change in slope isubstantially lower than the local moments seen in the high-
gradual, not as sharp as would be expected for long-rang@mperature magnetic susceptibilities, indicative of the fact
antiferromagnetic ordering, and suggests the onset of shorthat the spins cannot all be aligned with the field up to 7 T.
range ordering transitions. The Dy case is of particular inter-
est, as the curvature at low temperatures is downward rather
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FIG. 14. A broad magnetic peak is observed belew K in
SrDy,O, (insed, indicating that short-range magnetic order devel-
ops at low temperatures in this system.

FIG. 12. The magnetization for Srb@®, materials as a function
of applied field at 1.8 K. Zero-field cooling.
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FIG. 15. (a) A very broad peak showing the short-range mag- r + :
netic order develops below20 K in SrEO,; (b) integrated inten- = 20 0 o " 100
sity, full width at half maximum(FWHM), and position of the 20 (degrees)

broad peak as a function of temperature.
FIG. 16. (Color online (a) Broad distribution of magnetic scat-

tering at intermediate temperatures, indicating the development of
For these materials, the derivativeéBv/dH all show a short-range correlations in Srfd,. This scattering begins to de-
double peak behavior, indicating the presence of metamagelop below~40 K. (b) The magnetic scattering at low tempera-
netism. This suggests that rich field and temperaturetures, indicating the development of two-dimensional long-range
dependent magnetic phase diagrams may accessible for fjagnetic order. The solid curve is a fit assuming long-range order
ture study of these materials under common experimentdlithin the ab plane, and no correlations between planes.
conditions.

and Er cases, below40 K a broad peak, due to short-range
magnetic ordering, was observed. The intensity measured as
V. MAGNETIC NEUTRON SCATTERING a function of temperature at the position of the broad peak
(20=23.69 shows a change in its rate of increase below
No evidence of three-dimensional long-range magnetic~4 K [Fig. 17b)]. Figure 14a) shows the magnetic scatter-
order was observed between 300 and 1.5 K for any of théng peak that characterizes the magnetic state that develops
five samples studied by neutron scatteriBgGd.O, was not  above 5 K. The character of the scattering changes below 5
studied. As shown in Figs. 14 and 15, however, a broad peak. Figure 16b) shows the magnetic intensity obtained from
was observed at low temperature for SgDy and SrEyO,  subtracting the data taken at 5.05 K from the data collected
near the(020) reflection, with peak widths of 7.4° and 18°, at 1.72 K. The shape is characteristic of what is seen for
respectively. The instrumental width is about 1° at this dif-two-dimensional2D) ordering. The solid curve is a fit to 2D
fraction angle under the experimental conditions employedscattering theory, assuming long-range order within a plane,
This observation indicates the presence of short-range ma@nd no correlations perpendicular to the pl&h&he three
netic order in these systems. The broad peak disappeapgaks of magnetic origin at24°, 68°, and 75.6° are close to
above~5 K for SrDy,0, and~20 K for SrEO,. the positions expected f@02), (34), and(50) rods in recip-
Figures 16 and 17 show the magnetic ordering behaviorocal space, respectively, with intensities due to ordering in
observed by neutron scattering in Sg@a. Two magnetic  thea-b plane. The splitting between the 68° and 75.6° peaks
transitions were found. Similar to what is found in the Dy is due to the structural anisotropy of the system. No evidence
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of magnetic ordering was observed in either Si¥b or
SrTm,O,. In both cases this may be due to the low magnetic
moments of the heavy lanthanides Tm and Yb.

* « Integrated intensity ———>
: VI. CONCLUSIONS

- 4000
The crystal structures and elementary magnetic character-

ization of a different family of geometrically frustrated mag-
lo netic materials has been described. The crystal structures
contain a magnetic sublattice with several levels of low di-
mensionality and frustration. One-dimensional strings of lan-
thanides separated by approximately 3.4 A form the spines
of two nearly equivalent chains made of edge-shared isosce-
les triangles(the other two sides are approximately 3.5 A
running in one crystallographic direction. These chains are
themselves connected by secondary chains of isosceles tri-
angles that, due to their longer sidegar 4 A should result

in weaker but also frustrated coupling between the primary
chains. The chains are arranged in a honeycomb pattern. The
complexities of the resulting magnetic states at low tempera-
tures, which differ from one lanthanide to another, are sug-
gested by both the magnetic susceptibility data and the mag-
netic neutron-scattering data. Substantial opportunities for
further characterization are suggested, and the growth of
single crystals of these materials would be of great interest.
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